ABSTRACT
INTRODUCTION
Low soil fertility is one of the most important factors constraining forage productivity in subtropical United States especially in Gulf Coast states, as well as other parts of the world where cow-calf operation depends almost totally on grazed pastures. The use of inorganic N fertilizer will continue to be indispensable for meeting global food, feed, and fiber needs [1] . Particularly little is known about the response of forage species to the combined effect of waterlogging and the addition of nutrients (e.g., N and P). Fertilizer application may reverse the detrimental processes associated with flooding, however relatively few studies and reports are available on the ability of N fertilizer to counteract the deleterious effects of waterlogging on terrestrial plants [2, 3] . The use of N fertilizer prior to flooding may alleviate N deficiency because waterlogging causes a significant decrease in N content and rate of N accumulation in plants due to reduced root activity [4] .
Flooding can have catastrophic impacts on the productivity of grassland pastures, as most forage species are intolerant to excess water. In grasslands, waterlogging is frequently associated with other stresses, such as grazing, which may require specific and very different adaptive strategies and management [5, 6] . These adaptive strategies are not well understood and may still warrant extended investigations. Driven by a growing concern that crop nutrients are becoming excessive in the environment along with rising fertilizer prices and stagnant crop prices, farmers and ranches strongly support improving nutrient use and agronomic efficiency in areas with both low soil productivity and other production constraint such as extended flooding. The different government agencies at the local, state, and federal levels along with fertilizer industry are under increasing pressure to improve nutrient use and agronomic efficiency. Roberts [7] reported that public interest and awareness of the need for improving nutrient efficiency is great, but nutrient use efficiency can be defined in many ways, and could be easily misunderstood and misrepresented.
Agronomic efficiency can be defined as the nutrients accumulated in the above-ground part of the plant or the nutrients recovered within the entire soil-crop-root system [7] . Raun and Johnson [8] defined N use efficiency as total N removed minus nutrient coming the soil and rainfall divided by the total N applied as a fertilizer material. Mosier et al. [9] described four agronomic indices commonly used to describe nutrient efficiency: partial factor productivity, which is kg crop yield per kg nutrient, applied; agronomic efficiency, which is crop yield increase per kg nutrient applied; apparent recovery efficiency, which is kg nutrient taken up per kg nutrient applied; and physiological efficiency, which is kg yield increase per kg nutrient taken up. Raun and Johnson [8] reported that under the present fertilizer use in the world, a single percent increase in the efficiency of N for cereal production worldwide would lead to about $235 million savings in N fertilizer costs. An increase in nutrient use efficiency of 20% would result in a savings in excess of about $4.7 billion per year. Another review of worldwide data on nutrient use efficiency for cereal crops from research-managed experimental plots reported that singleyear fertilizer N recovery efficiencies averaged 65% for corn, 57% for wheat and 46% for rice [10] . The average N recovery efficiency for fields managed by farmers ranges from about 20% to 30% under rainfed conditions and 30% to 40% under irrigated conditions [11] .
The overall impact of adopting increased nutrient use efficiency in pasture-based cow-calf production may suggest that the environment would be less at risk and may increase production, reflecting the value of better stewardship. Knowing how N rate, grass species, and soil type affect apparent N recovery and N use efficiency could help producers reduce N losses into water resources and improve economic returns [12, 13] . Donahue et al. [14] reported that the N use efficiency for orchardgrass was greatest at 247 kg·N·ha −1 while Long et al. [15] noted that the split N applications on ryegrass significantly increased N use efficiency only some of the time.
Research expansion especially production practices that would lead to an increase in nutrient use efficiency could be beneficial economically and environmentally safe for the beef cattle industry. Nitrogen use efficiency has been studied under a variety of field conditions for a wide array of grass species [14] [15] [16] [17] [18] [19] . However, little is known about the response of forage species to the combined effect of waterlogging and the addition of nutrients. Forage species could be negatively affected by extended flooding and N application could offset the detrimental effect of flooding on N use efficiency and agronomic efficiency. While application of N to waterlogged plants decrease the deleterious effects, they do not fully overcome them [20, 21] , probably because of the reduced ability of roots to accumulate nitrate at low O 2 levels [22, 23] . A two-year greenhouse study was conducted in 2008 and 2009 to determine i) the effect of flooding duration on N recovery and agronomic efficiency of bahiagrass compared with two flooding tolerant forages, limpograss, and maidencane and ii) if N fertilization could mitigate the negative effect of flooding. This study is a second paper from a series of papers about the effect of flooding duration and N fertilization on yield and productivity of three forage species.
MATERIALS AND METHODS

Soil and Plants Preparation
Soils needed for this study were obtained from a Blichton soil series (loamy, siliceous, hyperthermic, Arenic Paleaudults) at a depth of 0 -20 cm using a backhoe from a pasture at the USDA-ARS Subtropical Agriculture Research Station (STARS), Brooksville, FL in 2008 and 2009. The soil was air dried outside on an impervious surface at USDA-NRCS Plant Material Center (PMC), Brooksville, FL. Prior to drying, eight to ten random samples were collected to determine selected physical and initial chemical properties ( Table 1) . Blichton soils are poorly drained soils, typical of south Florida with water table at a depth of less than 25 cm for cumulative periods of 1 to 4 months during most years. These soils, like many of the soils in south Florida, have argillic and spodic horizons.
The two introduced species of subtropical grasses, bahiagrass cv. Tifton-9 and limpograss cv. Floralta, and one native grass, maidencane cv. Citrus, were used in the study. All of the plant material was excavated from established stands (>5-yr old) at either STARS or the PMC. Table 2 shows some selected plant characteristics and growth requirements for bahiagrass, limpograss, and maidencane. Approximately 15 × 10 cm plugs consisting of crowns, rhizomes, and roots of each forage species (trimmed off to approx. 10-cm stubble height) were transplanted from the field 12 weeks prior to the initiation of the study each year. The plugs were planted into 15 × 60 cm planting columns that have been filled to within approximately 15 cm of the surface with the air dried, screened (1 × 1 cm screen) soils from the A horizon of Blichton series. The planting columns were sealed at the bottom to control water movement through the column. A hole was drilled at the side of the column and fitted with a drain tube with a stopcock to allow draining and sampling of the soil solution.
Greenhouse and Experimental Set-Up
Immediately after planting, the columns with open drain tubes were moved into the greenhouse (22˚C/32˚C, 69% direct light) at the PMC and allowed to recover and grow during the 12 wk pretrial period. During the first four weeks of the pretrial period, the plants were fertilized with a soluble complete fertilizer equivalent to 23 kg total of N, P, and K, and then fertilization discontinued. During the remainder of the adjustment periods (12 weeks), the plants were watered as needed to maintain the soil moisture approximately at field capacity.
Experimental treatments were replicated five times using a 3 × 5 × 3 split-split plot arrangement in completely randomized block design. Forage types were the main treatment effect while flooding duration and N levels were the sub-plots features of a two-year greenhouse study conducted in 2008 and 2009, respectively. All columns received 40 kg·ha −1 of P as triple super phosphate granular fertilizer and appropriate N levels consisted of 0, 100, and 200 kg·ha −1 of N as NH 4 NO 3 were applied to the appropriate columns for each forage species. Ammonium nitrate fertilizer (34% N) was used in the study because it is commonly used as a source for N in blends and applied directly to pastures. Historically, ammonium nitrate has been a major N source used on pastures in the USA. Although ammonium nitrate is extremely soluble in water, under normal conditions of storage, it is stable. When applied at adequate rates, it does not produce as much acidity as other N fertilizer sources. In addition it has a salt index of 2.99. This value indicates that the chances of ammonium nitrate to cause burning problems in the pastures are limited.
The soil flooding duration was consisted of 0-, 14-, 28-, 56-, and 84-d to mimic flooding occurrences in south Florida that may be associated with the need to store rainfall on pastureland during summer in Florida. Flooding treatments were staggered such that termination of all flooding duration times coincided with the maximum flooding time of 84 d. For plants not receiving flood treatment, soil moisture was maintained at soil field capacity limit. Until a flooding treatment was started, all drain tubes remained open and the treatments were watered.
Dry Matter Yield and Tissue Analysis
All treatments were destructively sampled at the end of maximum flooding time treatment of 84 d. Freshly cut aboveground biomass was oven-dried at 60˚C for 24 hours at the USDA-ARS Laboratory in Brooksville, FL. Plant samples were ground to pass through a 1-mm mesh screen in a Wiley mill. Ground forage was analyzed for total Kjeldahl N concentration [24] at the University of Florida Analytical Research Laboratory, Gainesville, FL. All the needed protocols and measurements for dry matter yield and tissue analysis were performed in similar fashion during the 2008 and 2009 cropping/harvest season, respectively.
Agronomic Efficiency and Nitrogen Recovery
The N recovery and agronomic efficiency of bahiagrass, limpograss, and maidencane were calculated using the equations as defined below.
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Redox Potential Measurements
Reduction-oxidation (redox) potential of the soil solution was determined in 2008 (June 22 to September 4) and in 2009 (June 23 to September 5) to monitor anaerobic condition of soils under varying soil wetness. The redox potentials are reported as the average of two-year (2008-2009) study. Soil redox potential measurements have been used to characterize the intensity of reduction and oxidation and relate this to biological processes occurring in flooded soils. Our measurement of redox potentials was based on methods described by Patrick et al. [25] . Measurement equipment consisted of three pieces of equipment: platinum electrode, reference electrode, and voltmeter. The platinum electrode and the reference electrode (calomel: Ag/AgCl) were both buried into the soil column (7 -10 cm depths) to be in contact with the soil solution. Wires from both the platinum electrode and reference electrode were connected to a voltmeter. The redox potential was adjusted to the standard redox potential (Eh) by adding a value of +245 to the voltmeter reading.
Statistical Analysis
The effects of flooding and N application on N recovery and agronomic efficiency of three forage species in 2008 and 2009 (pooled), respectively, were analyzed statistically following the PROC GLM procedures [26] . Where the F-test indicated a significant (P ≤ 0.05) effect, means were separated, following the method of Duncan Multiple Range test, using appropriate mean squares [26] . For F-test results that were highly significant, means were separated using LSD test [26] . Data collected in 2008 and 2009 were pooled; therefore, year effect was excluded in the data analyses [26] .
RESULTS AND DISCUSSION
Effects on Nitrogen Recovery
Nitrogen recovery was affected (P ≤ 0.01) by the interaction effect of flooding duration and levels of N (Table 3). The greatest N recovery for bahiagrass of 73.8% was from the control tube (0 day flooding) that was fertilized with 200 kg·N·ha −1 while the least amount of N recovery (22.4%) was from tube that was flooded for 84 d and fertilized with 100 kg·N·ha −1 ( Table 3) . The least amount of N recovery for limpograss (18.2%) was from the flooded tube for 84 d with N application of 200 kg·N·ha −1 while the greatest N recovery (74.1%) was from the control tube with 100 kg·N·ha −1 ( Table 3) . The greatest amount of N recovery for maidencane of 64.2% was from the flooded tube for 14 d with 100 kg·N·ha −1 fertilization. Although these results are suggesting that N recovery of the three forage species was hampered by flooding duration, it had been significantly enhanced with N fertilization.
Our results support our hypothesis that the negative impact of flooding could be mitigated by N fertilization. This claim was exhibited by a much higher N recovery under any flooding duration of plants that received higher N application as opposed to those plants without N fertilization at any given flooding duration. Averaged across flooding treatment, the overall N recovery of bahiagrass, limpograss, and maidencane ranged from 44.1% to 58.7% (Figure 1 , respectively (Figure 1) .
The effect of flooding duration on N recovery of bahiagrass, limpograss, and maidencane that were fertilized with 100 kg·N·ha −1 was comparable with the N recovery of bahiagrass, limpograss, and maidencane that were fertilized at 200 kg·N·ha −1 ( Table 3) . Comparable N recovery between plants fertilized at 100 and 200 kg·N·ha −1 could be attributed to the inability of flooded plants to accumulate higher N because active accumulation of N by roots was impaired as suggested by Spek [22] . Nitrogen recovery of forage species after 84 d of flooding that were fertilized with 100 kg·N·ha −1 was in the following order: maidencane (55.3%) > limpograss (36.7%) > bahiagrass (22.4%). However, the order of N recovery for the three forage species fertilized with 200 kg·N·ha −1 was as follows: maidencane (50.1%) > bahiagrass (41.3%) > limpograss (18.2%). Our results show that the three forage species have the ability to tolerate waterlogging is a tool not only to survive in such environment, but also to respond to a growth stimulating factor, such as N fertilization. This suggests that the effects of flooding may be cumulative over time. Differences in N recovery among the three forage species as affected by N fertilization can be considered an adaptation to improve their nutrient uptake efficiency [27, 28] . Forage species vary in their ability to withstand flooding and this undoubtedly con- 
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tributes to their ecological distribution [29] . There are two distinctly different strategies that plants employ to survive flooding: tolerance of anoxia and avoidance of anoxia. Anoxia tolerance involves metabolic adaptation and varies among species, plants, and tissues. Anoxia avoidance requires the development of mechanisms to deliver oxygen to the roots through internal channels. The uptake of N by plants under waterlogged conditions is consequence of the effect of aeration on the physiological processes, such as decrease in root permeability, respiratory activity of the plants, and the chemical changes in the soil [30] . Flooding of the soil surface caused an immediate increase in volumetric water content at the cost of displacing air and therefore O 2 from the soil profile [23] . The decrease in O 2 following flooding could be expected to reduce the rate of root growth. Quite crucial to the interpretation of our results is the limited amount of oxygen that may be present following flooding. Oxygen level was indirectly measured using the redox. Redox potential is an electrical measurement that shows the tendency of a soil solution to transfer electrons to or from a reference electrode. This measurement can estimate whether the soil is fully or partly aerobic or in anaerobic condition. Although flooding typically causes a reduction in the abundance of flood-sensitive plant species, it can also promote N uptake and biomass growth in flood-tolerant species to exploit resources that otherwise would be shared with non-tolerant competitors [32, 33] . The three forage species in our study may have the capacity for regulating leaf water and carbon relations under highly changing atmospheric conditions. Voesenek et al. [31] suggested that hormonal effects were involved in growth response for plants under waterlogged conditions because photosynthesis rates could be enhanced by increased leaf temperature at higher air vapor pressure deficit in most C 4 grasses while differences in photosynthetic activities between flooded and control plants may be accounted for by the differences in stomatal conductance.
Recent studies in grasslands of Argentina found that native grasses present slight growth tolerant responses to flooding, such as aerenchyma tissue formation and increase in plant height [6, 34] . Aerenchyma formation and leaf elongation are important for the recovery of contact with aerial environment and allow oxygen transport to the submerged tissues of native grasses [35, 36] . Plants that adopt this mechanism have modified patterns of growth and are not necessarily tolerant to low atmospheric oxygen levels [4] . Other plants possess the ability to develop a combination of mechanisms enabling them to grow under waterlogged conditions [37] . Anaerobic conditions inhibit almost immediately the transport of N ions by roots [38] . This may be due to insufficient energy to maintain the activity of ion pumps. Phloem unloading in the anaerobic root ceases and transport of metabolites and growth regulators between the root and shoot are therefore impeded.
Effects on Agronomic Efficiency
Agronomic efficiencies of forage specie varied widely (P ≤ 0.01) and were significantly affected by the interaction effects of flooding duration and levels of N ( Table  4) . Agronomic efficiencies of forage species were also significantly affected by the main treatment effects (flooding duration, P ≤ 0.001 and levels of N, P ≤ 0.001). The greatest agronomic efficiency for bahiagrass (49.3%) was from 14 d flooding with 100 kg·N·ha Table 4 ).
It appears that forage plants, except for limpograss that were fertilized with 200 kg·ha −1 of N had higher agro- , respectively. These results again support the hypothesis of the study on the offsetting effect of N on the detrimental effect of flooding on agronomic efficiency. The use of N fertilizer prior to flooding may alleviate N deficiency because waterlogging causes a significant decrease in N content and rate of N accumulation in plants due to reduced root activity. Net assimilation rates and photosynthetic rates decline in plants experiencing root anaerobiosis, in part due to stomatal closure, and in part due to biochemical modifications [4] .
The effect of N fertilization on agronomic efficiency is shown in Table 4 . These results are likely to be a forage species response. The individual genetic composition and metabolic behavior for each species of forage would have an influence on these results. Differences in agronomic efficiencies among the three forage species as affected by N fertilization can be considered an adaptation to improve their N uptake efficiency, and possibly may have had affected crude protein formation [27, 28] . Nitrogen fertilization of pasture forages generally increases digestibility. Early reports [39] [40] [41] [42] claimed that on bermudagrass pastures, crude protein content of the forage increased with each increment in N fertilization up to 504 kg·ha −1
.
Our results were similar to the early findings of Rubio et al. [6] who reported that the nutrient demand of water logging tolerant plants is supposed to be high under soil anoxia because plants are able to maintain or even increase their biomass production and nutrient uptake efficiency. Rubio et al. [6] observed a reduction in root: shoot ratio of two grasses (Paspalum dilatatum and Danthonia montevidensis) caused by waterlogging did not have a cost in terms of capacity for nutrient uptake. Reduction in root growth and shoot elongation may cause a decrease in root carbohydrate demand, which may be one cause of reduced photosynthate transport to flooded roots [43] . As observed, agronomic efficiency of forage species in our study was positively affected by N fertilization despite the anoxic environment and these results may be explained by sufficient nutrients that compensated for the negative effect of waterlogging ( Table 4 ). This observation is consistent with the findings of Meyer et al. [23] who reported that plants with high levels of N under waterlogged condition had more efficient photosynthetic mechanism with increase stomatal function. Earlier findings of Chapin [44] also showed that nutrient-rich environments, root systems can satisfy plant nutrient requirements resulting in normal metabolic activities of plants. The published report of Sigua and Hudnall [45] confirmed the importance of gypsum and N fertilization on productivity and yield of four species of wetland vegetation under saline environment. Their results disclosed highly significant protein content responses to gypsum and N additions. Increased growth, yield, and protein content were observed from the fertilized plants. Nitrogen is typically the main limiting nutrient and important agronomic input for the production of forages and use of N fertilizers is vital for the sustained productivity of bahiagrass, limpograss, and maidencane especially under flooded condition. The use efficiency of this fertilizer N by forage is typically low, due in part to losses of the applied fertilizer because of unique features of submerged soils as compared to aerated soils. Submerged soils as compared with aerated soils are favorable environments for loss of N by nitrification-denitrification. Since we used ammoniacal fertilizer (NH 4 NO 3 ), the rate of nitrification is a key determinant of N losses (no data to show). The nitrate ions are substrate for denitrification, thus nitrification acts as a key process in determining fertilizer-use efficiency by crops, N recovery, as well as N losses from soils [46] .
Actual measurement of N losses was not part of our study. Very limited information is available on the direct measurements of N losses via denitrification. Severe N losses have been shown to occur in soils subjected to periods of alternate drained (aerobic) and flooded (anaerobic) conditions [47] [48] [49] [50] . Wijler and Delwiche [47] noted that alternating aerobic and anaerobic conditions should result in greater total N loss from the soil than would be found under continuous anaerobic conditions. Patrick and Wyatt [49] observed large losses of N (up to 20% of total N) as a result of repeated cycles of flooding and drying to field moisture. Tusneem and Patrick [51] showed that ammonium N was highly unstable under alternate flooded and moist conditions of several weeks' duration.
Based on the results reported by Wijler and Delwiche [47] and Tusneem and Patrick [51] , the use of ammonium nitrate fertilizer for forage under flooded pasture (this study) was not really bad at all despite of N losses via denitrification. Although we have no data to show the actual magnitude of N denitrification, our results somehow had been affected. Ammonium nitrate fertilizer was used in the study because it is commonly used as a source for N in blends and applied directly to pastures if N was the only nutrient being applied. When applied at adequate rates, ammonium nitrate does not produce as much acidity as other N fertilizer sources (i.e., ammonium sulfate). Again, the use of N fertilizers can be used and is vital for the sustained productivity of bahiagrass, limpograss, and maidencane especially under flooded condition. However, denitrification remains a significant N loss pathway in flooded condition and certainly would affect agronomic efficiency and N recovery.
SUMMARY AND CONCLUSIONS
To determine the potential ecological impact of periodic flooding on plant growth and protein content, three species of subtropical grasses: "Tifton 9" bahiagrass; "Floralta" limpograss; and "Citrus" maidencane were evaluated under differing flooding durations and levels of N fertilization under greenhouse conditions in 2008 and 2009. The overall results and observations in this study could be briefly summarized as follows:
1) Despite reductions in biomass, N recovery, and agronomic efficiency, and reduction in N uptake, all the three forage species were able to survive 84 d of flooding and performed like facultative hydrophypyte specie under soil flooding;
2) Agronomic efficiencies of bahiagrass (41% to 26%) and limpograss (44% to 31%) were reduced by flooding while agronomic efficiency of maidencane was increased from 24% (no flooding) to 46% at 84 d of continued flooding; and 3) Nitrogen recovery and agronomic efficiency of three forage species were positively affected by N fertilization. The overall N recovery of bahiagrass, limpograss, and maidencane ranged from 44% to 59%.
The overall results reported in this paper were consistent with the findings in the early paper of Sigua et al. [52] who reported that the overall yield response and crude protein content of bahiagrass, limpograss, and maidencane were linearly related to increasing levels of N fertilization. A much higher biomass and crude protein content under any flooding duration of three forage species that received higher N fertilization as opposed to those plants without N fertilization. Therefore, results reported in this paper and the early paper support the hypotheses of negative impact of extended flooding on biomass, crude protein content, nutrient recovery, and agronomic efficiency of bahiagrass, limpograss, and maidencane could be mitigated by N fertilization.
Given the current state of knowledge from this study, additional work needs to be done at least on two research areas: 1) N budgets need to be prepared under different frequency of flooding. These should take into account various N inputs (atmospheric deposition, N fixation, N fertilization) and output via crop removal and losses through mechanisms like ammonia volatilization, nitrification-denitrification, and leaching; and 2) Better understanding of rate limiting steps for different N transformation processes controlling losses of N.
